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SUMMARY

1. The amplitude and time course ofK contractures (Cl- constant) of single twitch
muscle fibres of the frog have been analysed in three external Ca2+ concentrations.

2. The resting potential, effective resistance, threshold for the Na current and
K-induced depolarizations were not modified by replacing 1-8 mM-Ca2+ by 3 mM-Mg2+
in absence (low-Ca saline: 3-6 gm-Ca2+) or in presence of 5 mM-EGTA (Ca-free
saline: < 10-s M-Ca2+).

3. The tension development during the initial phase of K contractures was
independent ofexternal Ca2+ while the amplitude, the duration and the time constant
of spontaneous relaxation decreased progressively as Ca2+ concentration was
diminished.

4. When the concentration of Mg2+ was increased to 5 mm in Ca-free saline K
contractures were slower and smaller than those in 3 mMMg2+.

5. In Ca-free saline the activation curve (peak tension vs. logarithm of external K+
concentration) shifted by 3-5 mV towards more positive potentials while the
inactivation curve (peak tension of the test contracture vs. logarithm of external K+
concentration during the conditioning period) shifted by 16-18 mV towards more
negative potentials. Both curves became steeper in Ca-free saline.

6. The effects ofexternal Ca2+ reduction were not modified by replacing all chloride
for methanesulphonate.

7. Direct effects of external Ca2+ on excitation-contraction coupling during K
contractures could involve the inward Ca current and/or specific interactions between
external Ca2+ ions and the coupling mechanism.

INTRODUCTION

It is well established that twitch muscle fibres of the frog contract upon electrical
stimulation when exposed to very low Ca2+ concentrations (- 10-0 M), obtained by
the addition of 1-5 mM-ethyleneglycol-bis (fl-aminoethylether)-N,N'-tetraacetic acid
(EGTA) (Armstrong, Bezanilla & Horowicz, 1972; Sandow, Pagala & Sphicas, 1975;
Blinks, Riidel & Taylor, 1978). However, in similar conditions K contractures become
shorter and smaller (Stefani & Chiarandini, 1973; Luittgau & Spiecker, 1979) and the
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'steady-state' inactivation curve for K contractures shifts towards more negative
potentials (LUttgau & Spiecker, 1979). Moreover, in Mg2+ containing high EGTA
(80 mM) solutions, the twitch amplitude falls within minutes to a small fraction of
the original value (Liittgau & Spiecker, 1979). Furthermore, reduction of external
Ca2+ increases the mechanical threshold for short pulses ( < 20 msec) (Chiarandini,
Sanchez & Stefani, 1980). These findings suggest that external Ca2+ may have some
role in excitation-contraction coupling.

In the present experiments, we have further analysed the amplitude and time
course of K contractures in three external Ca2+ concentrations: 1P8 mM; 3-6 /IM and
< 10-9 M. For this purpose 1P8 mM-Ca2+ was replaced by 3 mM-Mg2+ to prevent
changes of the surface potential and other electrical properties (Cota & Stefani, 1979).

METHODS

Muscles of English frogs Rana temporaria and of West Mexican frogs Rana pipiens were used
throughout these experiments. Single fibres were dissected from tibialis anterior muscle (Chiarandini
& Stefani, 1973). Sartorius and cutaneous pectoris muscles were used as whole muscle preparations.
All experiments were made at room temperature (22-24 TC). R. temporaria were cold-adapted (4-6 TC)
and fed once a fortnight. R. pipiens were kept at room temperature or at 4-6 TC and fed once a
week.

Electrical recording. Membrane potential, thresholds of Na current and of contraction, and
effective resistance (Reff) were measured as described by Chiarandini et al. (1980). Briefly, a
two-micro-electrode voltage-clamp system with a 100 tsec time constant was used. Fibres were
clamped at a holding potential of -90 mV. Mechanical threshold was optically determined. Reff
was calculated from the ratio between a 10 mV step and the total current injected, measured at
the end of a 30-50 msec pulse.

Mechanical recording. Muscle fibres, once isolated, weVe allowed to rest for 45-90 min and then
mounted in the experimental chamber and stretched to 1 1 of their slack length. The experimental
chamber consisted of a channel 2 mm wide and 3 mm high (0-25 ml. capacity) into which solutions
could be introduced. The fibres were freely suspended in the channel as described by Costantin
(1971). One tendon was attached to the anode pin of an isometric RCA 5734 force transducer and
the other one was fixed to the bottom of the channel by a stainless-steel hook. This end of the fibre
was located 5-7 mm from the site of saline inflow. The mechanical output was registered with a
rectilinear (Gould Brush model 220) and/or a curvilinear (Grass model 79D) pen recorder. At the
end of the experiment the fibre diameter was measured with a microscope by using an eye-piece
micrometer at several places along the fibre, which was considered as circular in cross section. The
mean of these values was taken (Frankenhaeuser & Linnergren, 1967).

Solutions. Three basic solutions were used: a control saline with (mM) NaCl 117 5, KCl 2-5, CaCl2
18; a low-Ca saline prepared by omitting CaCl2 from the control saline with 3 mM-MgCl2 added,
and a Ca-free saline prepared by adding 5 mM-Na2EGTA to the low-Ca saline. In the low-Ca saline
a Ca2+ contamination of 3-6,am was measured by using the pH-metric method developed by
Moisescu & Pusch (1975). The calculated concentration of ionized Ca2+ in the Ca-free saline was
< 10-9 M (Stefani & Chiarandini, 1973). These three basic solutions were made Cl-free by replacing
all Cl- by methanesulphonate (CH3SO3 ) (methanesulphonic acid, Eastman Organic Chemicals,
Rochester, N.Y.). Determinations with a Ca2+-selective electrode (Orion 93-20) demonstrated that
Ca2+ was practically fully ionized in the control Cl-free saline (Kenyon & Gibbons, 1977). The ionized
Ca2+ in sulphate salines with 8 mM-CaSO4 (solution E from Hodgkin & Horowicz, 1959) was 4 mM.
The K+ concentration in the Cl and Cl-free solutions was increased isotonically by replacing K+
by Na+. The solutions were buffered to pH 7 40+0-01 with 2mM-imidazole Cl. Solutions in
contracture experiments contained 10-7 M-tetrodotoxin (Sigma Chemical Co., St. Louis, MO.). Some
experiments were performed with depolarizing solutions with constant K+ x Cl- product made up
as described by Lfittgau & Spiecker (1979). Deionized-bidistilled water was used throughout the
experiments.

Solution replacement. During K contractures, special care was taken to assure a thorough

304



Ca REDUCTION AND K CONTRACTURES 305
exchange of the solution in the chamber by applying the different salines with continuous flow.
Muscle fibres were pre-exposed to the tested solutions during 60-90 sec with a continuous perfusion
of 1-1 5 ml./sec. Thereafter, K-contracture solutions were introduced at 2-3 ml./sec. Tests with
Methylene blue indicated that about 99% of the solution in the chamber was exchanged'in less
than one second. K-contracture solutions were initially washed out with control saline at 1-1 5 ml./sec
(2-5 min). Subsequently, between successive contractures, the fibres were allowed to recover in
control saline flowing at 3-5 ml./min. In most cases, muscle fibres were briefly exposed to the
contracture solution (4-6 sec) at intervals of 15-25 min. When the decay phase of the K contracture
was studied, the exposure time was increased until spontaneous relaxation was nearly complete
(8-12 see). In these cases, contractures were induced at intervals of 40 min or longer. In this way
fibres were kept in good condition for 8-12 hr (Hodgkin & Horowicz, 1960; Gonzilez Serratos, 1975).

Data analysis. The experimental data were fitted to the proposed function according to the
Patternsearch routine (Colquhoun, 1971), which minimizes the squared differences between the data
and the function. The Patternsearch routine was run in Fortran IV on a microcomputer (SOL 20,
Processor Technology). The fitting error is the sum of the squared differences divided by the number
of observations. Values are given as mean + standard error of the mean with the number of
observations between parentheses. Statistical significance was determined following the Student's
t test.

RESULTS

Effect of Ca-free saline on electrical parameters
In frog sartorius (R. temporaria) Chiarandini et al. (1980) found that the replacement

at 3 0C of control saline by Ca-free saline identical to ours did not change the resting
potential (Er.p ), Reff and threshold for Na current. Shifts of the latter parameter were
assumed to reflect corresponding changes of the surface potential (Hille, Woodhull
& Shapiro, 1975). We confirmed these observations at room temperature. The values
of threshold for the Na current, Er. p. and Reff were respectively: -55-4 + 0 3 mV (10),
-866 + 1P7 mV (10) and 0 41 + 0-06 MQ (10) in control saline, and -55 8+ 0-3 mV (6),
-88-2 + 0 9 mV (6) and 0-39 + 0 05 MQ (6) in Ca-free saline. A similar conclusion was
reached when using fibres from R. pipiens. The lack of effect of Ca-free saline on Er. p.
was also confirmed in three isolated muscle fibres which were perfused with Ca-free
saline at 2-3 ml./see.
Since K contractures are produced by the depolarization which results from the increase of external
[K+], it was necessary to ascertain that the K-induced depolarizations in control and Ca-free salines
were similar. We measured the Er.p. with different K+ concentrations (25-120 mM), keeping
Cl- constant. The experiments were performed in small bundles of muscles from Rana temporaria
and the measurements were carried out 2-10 min after solution replacement. In six fibres the Er p
in control saline and in Ca-free saline was respectively: -92 2 + 1-2 mnV and -93 0 + 1-4 mV
(2-5 mM-K+); -55 5+0 9mV and -57 2+11 mV (20 mM-K+); -38 8+11 mV and
-40-0+1-3 mV (40 mM-K+); -27-5+1 5 mV and -28 7+ 16 mV (70 mM-K+); - 13-7+1 0 mV
and - 15-0+1-2 mV (120 mM-K+). Equivalent results were obtained in sartorius muscle from R.
pipiens. In Cl-free saline the electrical properties were not modified when 1 8 mm-Ca2+ was replaced
by 3 mM-Mg2+ with 5 mM-EGTA added.

Effect of external Ca2+ reduction on the time course of K contractures
The time course of contractures induced by 80 mM-K+ in control, low-Ca and Ca-free

salines was examined. Isolated fibres were exposed for 90 see to a continuous flow
(1-1 5 ml./sec) of a solution with the tested Ca2+ concentration and with 2 5 mM-K+,
before the perfusion with the corresponding contracture solution. Previous experi-
ments had shown that a 60 sec exposure was sufficient to produce maximum effect.
Fig. 1 shows K contractures in two isolated fibres (A and B) from R. pipiens in control
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saline (a), low-Ca saline (b) and Ca-free saline (c). It can be seen that when external
Ca2+ is reduced the peak tension drops, the duration is shortened and the spontaneous
relaxation rate increases.
The initial 90% of the rising phase of the tension can be empirically described by

the function: .7 If s I.1 '4IT'(t) = T., (1-exp(-t ta)))7, (1)

where T(t) is tension, T. the tension when t -+ oo if spontaneous relaxation was not

present and Ta the time constant of the tension rise. After finding that the best fit
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Fig. 1. Effects ofexternal Ca2+ reduction on the amplitude and time course of contractures
with 80 mM-K+. Two different fibres from R. pipien8. A, diameter = 77 um; B,
diameter = 96 /sm; a is in control saline, b in low-Ca saline and c in Ca-free saline.
Contractures were obtained in the following sequence: A, c-b-a; B, c-b-a.

for n was 2, Too and Ta were fitted. In five fibres from R. pipiens Ta was: 0-36 + 0 04 see
in control saline, 0 34+ 0 03 see in low-Ca saline and 0-36+ 0-04 see in Ca-free saline.
Too and the measured peak tension had similar values in control saline. When external
Ca2+ was reduced, Too remained unmodified, while the peak tension amplitude
diminished to 80+ 3% in low-Ca saline and to 53 + 7 % in Ca-free saline (P < 0.01 for
paired data). The lack of effect of external Ca2+ reduction on Ta and T. indicates that
the initial phase of K contracture is independent of external Ca2+. As mentioned
before, K contractures were shortened when external Ca2+ was reduced. The duration
at half peak tension was: 3-8 + 0-3 see in control saline, 2 1+0-2 see in low-Ca saline
and 0-9+ 0-1 see in Ca-free saline (P < 0 01 for paired data).

Fig. 2 shows the semilogarithmic plot of the decay of the K contracture vs. time
for the fibres shown in Fig. 1. Zero time corresponds to the time when the decay phase

A
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started. Although the spontaneous relaxation phase follows a complex time course
(Caputo & Fernandez de Bola-nos, 1979), it can be fitted relatively well with a single
exponential if the initial and last 100 of the decay phase are not included. The time
constant of relaxation (Tr) for the five fibres studied was: 2-1 + 0-3 see in control saline,
1-5+0-2 see in low-Ca saline (P < 010 for paired data), and 0-5+041 see in Ca-free
saline (P < 0-01 for paired data). Similar results on the parameters studied were
obtained by using different K+ concentrations.

1A0 2A 6B0 2

05~~~~~~~~

0~~~~~~~~~

0

Cu

CA9o

0.2 -02\ o

0 2 4 6 0 2 4 6
Time (sec.) Time (sec)

Fig. 2. Time course ofthe decay ofK contractures (spontaneous relaxation phase) in control
saline (0), low-Ca saline (C) and Ca-free saline (0). Semilogarithmic plots. Two different
fibres from R. pipiens.

Effect of Ca-free saline on the activation curve
We have studied the effect of the Ca-free saline on the activation curve (peak tension

vs. logarithm of external K+ concentration) in five other fibres of R. pipiens and in
four ofR. temporaria. We selected single fibres with similar diameters, since the degree
of depolarization needed to produce maximal tension is dependent on the fibre
diameter (Gonzalez Serratos, 1975). Out of thirteen fibres of R. temporaria tested, the
maximal tension (120 mM-K+) decreased in eight ofthem to 83 + 5% in Ca-free saline.
In R. pipiens the maximal tension decreased to 81 + 4% in seven fibres out of eight
tested (P < 0 01 for paired data).

Fig. 3 shows K contractures in control (A) and in Ca-free salines (B) from a fibre
of R. pipiens. For a given K+ concentration, the contractures in Ca-free saline were
smaller and shorter. Fig. 4 shows the relationship between the peak tension and the
logarithm of the K+ concentration ([K]) in control saline (o) and Ca-free saline (0);
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A is for a fibre of R. temporaria and B is for the fibre shown in Fig. 3 (R. pipiens).
We have fitted the experimental points to

Tm
T(tK]) = 1 + exp (- (ln[K] - ln[K])/k)' (2)

where T([K]) is the peak tension measured in the different K+ concentrations used,
Tm is the maximal tension obtained which corresponds to the peak tension in
120 mM-K+ and was taken as 100 in control saline, [K] is the K+ concentration

A B
a far e

50 50

b ___f__
60 60

cJ 9

N cm-2
10

d h 0
12012

0 2 4 sec
x x

mM-K
1-8 Ca 1 Ca, 5 EGTA, 3 M 8C (mm)

Fig. 3. Contractures obtained with brief exposures to different K+ concentrations
(indicated under each record) in a single fibre, diameter = 81 Ym of R. pipiens in control
(A) and ('a-free salines (B).

corresponding to the half amplitude of the activation curve and k is related to the
steepness of the curve. This is a general equation used to describe the voltage
dependence of activation processes (Hodgkin & Huxley, 1952; Schneider & Chandler,
1973). The continuous lines in Fig. 4A and B, represent the best fit of the data to
eqn. (2). The activation parameters for nine fibres are summarized in Table 1. The
results demonstrate that when muscle fibres are exposed to Ca-free saline, [K]
increases and k decreases. In conclusion, the activation curve in Ca-free saline shifted
towards more positive potentials and was steeper. Similar effects of external Ca2+
reduction were obtained in Cl-free solutions (Table 1).
The activation curves in (CI-free salines shifted to the left in relation to the curves in (1 solutions

(see Table 1. B). This can be related to the smaller depolarizations obtained with different external
K+ concentration in (V salines due to the muscle membrane C1- permeability (Hodgkin & Horowicz,
1959). Accordingly. the mechanical threshold, optically determined through the micro-electrode
voltage-clamp technique (100 msec pulses, cutaneous pectoris muscle of R. temporaria) was not
modified when (I- was replaced for methanesulphonate: -524+07 mV (5) in (V saline and
-53 8 + 0-8 mV (6) in (V-free saline.
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Liittgau & Spiecker (1979) have analysed the effect of external Ca2+ reduction upon contractures

induced by solutions with constant K+ x (l- product made up by replacing chloride for propionate
and methylsulphate. They found little or no change in the shape and potential dependence of the
activation curve when 3 mM-Ca2+ was replaced by 3 mM-Mg2+ and 25 mM-EGTA. We confirmed
their results in three fibres from R. temporaria using solutions with the same ionic composition.

A 5 B 10
1.0 0- 10 0

0-8 -0-8 -1 9

e 0.6 -11 06

C ~~~~3Q4 0 *6c0-04 o 0-4 6 l
0

8~~~~~~~~~~~~~~

20 30 40 60 80 120 200 20 30 40 60 80 120 200
K+ concentration (mM)

Fig. 4. Activation curves. Relationship between peak tension and external K+ concen-
tration in control (0) and (a-free salines (@). A in a fibre from R. temporaria. B in the
fibre show n in Fig. 3 (ft. pipiens). Numbers show the sequence in which contractures were
elicited. The smooth curves were drawn according to eqn. (2). The best fit parameters are
shown in Table 1.

Since the activation curves of Fig. 4 suggest that the mechanical threshold is
increased in Ca-free saline, we carried out experiments to study, in detail, the tension
development close to mechanical threshold. In two fibres of R. pipiens the K+
concentration that elicits minimum detectable tension ( - 0 3 mg) increased reversibly
in Ca-free saline from 40 to 45 mM-K+ and from 45 to 50 mM-K+. This corresponds
to a change of about 2 mV in membrane potential.

The parameter [K | of the activation curves was found to be lower in R. temporaria than in R.
pipiens (Table 1). Since R. temporaria were cold-adapted while R. pipiens were kept at room
temperature. it was thought that the difference in [K] was possibly a temperature adaptation effect
(Koxvdcs & Schneider, 1978; Gilly & Hui, 1980). We therefore performed experiments in fibres from
cold-adapted R. pipiens (2 weeks at 4-6°C). Cold adaptation significantly reduced [K] from
74i1 +2 1 in i to 59-7 +2-1 mm (P < 002). without affecting k (0-15+0-01 and 0-17+0-0(1).

Effect of external (laa2+ reduction on the inactivation curve
Liittgau & Spiecker (1979) have demonstrated a 20-30 mV shift towards more

negative potentials of the inactivation curve when external 3 mM-Ca2+ is replaced by
3 mM-MIg2+ and 2 5 mm-EGTA is added. XWe have extended these observations in our
ionic conditions.
The inactivation of K contractures was studied with the following procedure

(Frankenhaeuser & Lannergren, 1967): the fibres were initially perfused at 1-
15 ml./sec with control, low-Ca or Ca-free salines with 2-5 mM-K+ for 1 min. Subse-
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Ca REDUCTION AND K CONTRACTURES 311
quently, the corresponding conditioning solution (2-5-45 mM-K+) was applied for 1 min
and finally the test contracture (70 or 120 mM-K+) was elicited (Fig. 5 inset). To
analyse these curves it has to be considered the fact that 1 min of conditioning period
does not reach steady state (Frankenhaeuser & Liinnergren, 1967). The points in the
inactivation curves are the peak tensions of test K contractures obtained with
different conditioning solutions, expressed as a fraction of the peak tension of the test

116 6 5 3

1110 4 1

0-8 - 9

650-6 - q2 \8
_ 120 9
C
0 X
* 0 4 25 mM-K
F doov 1-8 mM-Ca10 8 Ca-C*OT 1-Ca,5EGTA,3Mgr (mm)

0-2~~~~ _E TA,3 7~0.2

0 1 2min 5A 3 7V
0 AT~~~~ ~ ~~~~~~1w2010

t ~~1 4 12 1 1

2 5 10 15 20 30 45 70
K+ concentration (mM)

Fig. 5. Inactivation curves. Relationship between maximal tension (120 mM-K+) and
external K+ concentration during the conditioning period in two fibres from R. temporaria
(Of-, A-A) and one fibre from R. pipiens (V-V) (130, 90 and 100 4im in diameter,
respectively) in control (open symbols) and Ca-free salines (filled symbols). The inset shows
the experimental procedure. Measurements were made in the sequence indicated by
numbers. The smooth curves were drawn according to eqn. (3) which was fitted to data
at K+ concentration higher than 8 mm. The best fit parameters are given in the text.

contracture in control saline with a 2-5 mM-K+ prepulse. The experimental points were
fitted to the relation: TM

T([K]) = 1+exp ((ln[K] -ln[K])/k)' (3)

The parameters of this equation are the same as those of eqn. (2).
The inactivation curve (120 mm-K+) studied in three fibres of R. temporaria and

two fibres of R. pipiens became steeper and shifted towards more negative potentials
by about 17 mV in Ca-free saline and 7 mV in low-Ca saline, suggesting that the curve
shifts progressively as external Ca2+ is reduced. Fig. 5 shows the inactivation curves
for two fibres of R. temporaria (o-e, A-A) and one fibre of R. pipiens (V-V),
in control saline (open symbols) and in Ca-free saline (filled symbols). In the last
solution the peak tension decays abruptly between 10 and 20 mm-K+ conditioning
pulses. The average values for the parameters in control saline and Ca-free saline were
respectively: [K] = 29-7+ 11mmand 13-7+ 10mm(P < 0-01); k= 0-12+0-01 and
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0.025+ 0 007 (P < 0 02). A similar shift (about -14 mV, two fibres of R. temporaria)
of the inactivation curve was obtained in Ca-free saline with 70 mM-K+ test
contractures. The peak tension between 2-5 and 10 mM-K+ was about 700 ofthe value
in control saline; thereafter between 10 and 20 mM-K+ the contracture inactivated
abruptly.

Effect of increasing Mg2+ on K contractures in Ca-free saline

Although no change in the surface potential near Na channels is observed when
1-8 mM-Ca2+ is replaced by 3 mM-Mg2+, one cannot neglect the possibility that such
replacement might not be appropriate for the regions of the membrane controlling

A
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1 -8
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1-8 mM-Ca
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100

1 8 Ca
0 Ca, 5 EGTA,I3 Mg
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2 7 F L . mm-K

1.8 Ca (m0 Ca, 5 EGTA,3M)
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-~20

c J O
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Z- mM-K

0 Ca, 5 EGTA, 5 mg 1-8 Ca (mm)
0 2 4sec

Fig. 6. Effect of increasing the external Mg2+ concentration on K contractures. Two
different fibres from R. temporaria. A is with 100 mM-K+ (diameter = 87 ,um) and B is with
50 mM-K+ (diameter = 105 Itm); a is in control saline, b in Ca-free saline with 3 mM-Mg2+
and c in Ca-free saline with 5 mM-Mg2+. Records were obtained in the following sequence:
A, c-b-a; B, c-b-a.

the voltage dependency of contraction. It is conceivable that different regions of the
membrane may have different types and/or density of fixed charge (Hille et al. 1975;
Di Francesco & McNaughton, 1979; Dorrscheidt-Kiifer, 1979). For example, the
reduction of K contractures observed in Ca-free saline (3 mM-Mg2+) could be
attributed to inappropriate Ca2+ replacement leading to a more negative outer surface
potential and to a partial mechanical inactivation. If this were the case, one could
expect to remove inactivation and the tension to increase if the external Mg2+
concentration was increased. Fig. 6 shows K contractures (100 mM-K+ in A and
50 mM-K+ in B) in control saline (a), in Ca-free saline with 3 mM-Mg2+ (b) and in Ca-free
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saline with 5 mMMg2+ (c). As we have previously shown, K contractures were smaller
and shorter in 3 mMMg2+ Ca-free saline. In 5 mM-Mg2+ Ca-free saline, the time course
of contractures was slower and the amplitude for 100 mM-K+ changed slightly; but
the contractures clearly decreased when using lower K+ concentrations (50 mM-K+).
Similar findings were obtained in five fibres tested (30-S50 mm-K+ contractures). These
results indicate that in 3 mM-Mg2+ Ca-free saline the contractile mechanism was not
inactivated.

The slower time course and the reduction of tension produced by increasing Mg2+ from 3 to 5 mm
coul(1 be explained by a less negative outer surface potential leading to a shift to the right of the
actitation curve. For example, the tension produced by 50 mm-K+ in 5 mM-_.Mg2+ Ca-free saline (Fig.
6B1 c) would correspond to the tension produced by 42 rHM-K+ according to the activation curve
for K contractures in 3 mMMg2+ Ca-free saline, and the corresponding calculated shift was 3-4 mV.
Accordingly, a similar reduction of 4-5 mV of the outer surface potential can be obtained when
external Mg2+ is increased from 3 to 5 mM (Chiarandini et al. 1980).

DISCUSSION

Replacement of Ca2+ by Mg2+. The thresholds for mechanical activation
(pulses > 100 msec) and for Na current (Chiarandini et al. 1980; this paper) were not
modified when 1P8 mM-Ca2+ was replaced by 30 mM-Mg2+, indicating that this
replacement did not change the surface potential near the Na channels or at the
membrane regions where excitation-contraction coupling occurs. Correspondingly,
K contractures in 3 mMMg2+ Ca-free saline (2 5 mm-Ki+ prepulse) were not inacti-
vated, and they became slower and decreased when Mg2+ was increased to 5 mM in
a predictable manner due to the shift in the threshold for Na current.

In view of the foregoing, the reported effects of external Ca2+ reduction on K
contractures can be attributed to a direct effect on the excitation-contraction
coupling process.

When external Ca2+ is reduced without replacement by any other divalent cation, initially the
peak tension increases, the contracture shortens and has a faster time of relaxation (Luttgau, 1963;
C'aputo & (4im6nez, 1967 Frankenhaeuser & Lannergren, 1967; Caputo, 1972) and the inactivation
curve is displaced to lower K concentrations (Frankenhaeuser & Lhnnergren, 1967). Finally, the
tension decreases and eventually the fibres do not contract (Liittgau, 1963: C(aputo & (imenez,
1967). These observations can be related to combined effects on electrical properties (surface
potential and Er.p.) and to direct effects on excitation-contraction coupling. For example, muscle
fibres are depolarized when external ('C2a is reduced (Lilttgau, 1963; Caputo & (imenez, 1967) and
the threshold for the Na current shifts (from 2 mm-Ca to 0 2 mM-Ca) by 13-15 mV toward more
negative potentials (Campbell & Hille, 1976; Chiarandini et al. 1980).

Liittgau & Spiecker (1979) did not find modifications in the activation curve when
replacing 3 mm-Ca2+ with 3 mM-Mg2+ (2 5 mm-EGTA, contractures at constant
K+ x Cl- product). By using the same solutions, we have confirmed their results. This
lack of effect of ('a-free saline on the activation curve could be related to an
inappropriate substitution of Ca2+ by Mg2+ which could lead to an increase in the
external surface potential. Along this line, Liittgau & Spiecker (1979) found a shift
of the inactivation curve of -20 to -30 mV, while we found a smaller one of
-17 mV.

Direct effects of external Ca2+ on K contractures. The present research demonstrates
that external Ca2+ plays a supporting role for maintaining the tension during the
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contracture: the peak tension, the duration and the time constant of spontaneous
relaxation decrease progressively as external Ca2+ is reduced. Notwithstanding,
external Ca2+ is not essential: the tension development during the initial phase of
the contracture was not modified by the Ca-free saline and furthermore, in agreement
with previous authors, we confirmed the observation that tension can still be elicited
in the virtual absence of Ca inflow from external sources (Armstrong et at. 1972;
Stefani & Chiarandini, 1973; Miledi, Parker & Schalow, 1977; Luttgau & Spiecker,
1979; Chiarandini et al. 1980). The lack of effect of Ca-free saline on the initial phase
of K contractures supports the view that initially this process is mediated by
translocation of intracellular Ca2+ (Caputo & Gimenez, 1967).
With the actual evidence at hand, it is not possible to elucidate the mechanisms)

of the direct effects of external Ca2+ on K contractures. Several possibilities, or a
combination of them, can explain equally well these results. They will be briefly
summarized: (1) the inward Ca current (ICa) during the depolarization (Beaty &
Stefani, 1976b; Stanfield, 1977; Sanchez & Stefani, 1978) which is mainly located in
the transverse tubular system (Nicola Siri, Sanchez & Stefani, 1980) could be of
sufficient magnitude to constitute an additional factor which contributes directly to
the final myoplasmic Ca2+ concentration (Potreau & Raymond, 1980); (2) the ICa
activated during the prolonged depolarization may load the sarcoplasmic reticulum
(s.r.) thus making more Ca2+ available for release (Nicola Siri et al. 1980); (3) the ICa
could account for an activation of the contractile proteins involving a Ca-induced
Ca2+ release mechanism (Weiss & Bianchi, 1965; Stefani & Chiarandini, 1973;
Chiarandini & Stefani, 1976; Potreau & Raymond, 1980) of the type observed in
skinned fibres (for review, see Endo, 1977); (4) following the model proposed by
Caputo & Fernandez de Bola-nos (1979), external Ca2+ reduction would produce an
earlier onset of the inactivation process at an increased rate, leading to a reduction
of contracture duration, an increase in the spontaneous relaxation rate and an
eventual fall in the peak tension (see Ebashi, 1976); (5) the coupling between
depolarization of the transverse tubular membrane and the release of Ca2+ from the
s.r. could depend on metabolic processes and on internal free Ca2+ concentration
which could modify the density and/or type of negative surface charges at the inner
side ofthe tubular membrane, altering the K contracture inactivation curve (Luttgau
& Spiecker, 1979); and finally (6), specific interactions ofexternal Ca2+ (Shlevin, 1979)
and/or internal Ca2+ (Beaty & Stefani, 1976a) with the asymmetrical capacity
currents may occur; these are thought to be associated with excitation-contraction
coupling (Schneider & Chandler, 1973; Adrian & Almers, 1976; Chandler, Rakowski
& Schneider, 1976; Mathias, Levis & Eisenberg, 1980; see Almers, 1978).
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